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Abstract
The decreased internal knee extensor moment is a significant gait asymmetry among patients with
anterior cruciate ligament (ACL) deficiency, yet the muscular strategy driving this altered moment
for the injured limb is unclear.

Purpose—To determine whether patients with ACL deficiency and characteristic knee instability
would demonstrate normal extensor and increased flexor muscle force to generate a decreased
internal extensor moment (i.e. employ a hamstring facilitation strategy).

Methods—Gait analysis was performed on 31 athletes with acute ACL rupture who exhibited
characteristic knee instability after injury. Peak internal knee extensor moment was calculated
using inverse dynamics and muscle forces were estimated using an EMG-driven modeling
approach. Comparisons were made between the injured and contralateral limbs.

Results—As expected, patients demonstrated decreased peak knee flexion (p=0.028) and internal
knee extensor moment (p=0.0004) for their injured limb, but exhibited neither an isolated decrease
in extensor force (quadriceps avoidance), nor an isolated increase in flexor force (hamstring
facilitation) at peak knee moment. Instead, they exhibited decreased muscle force from both flexor
(p=0.0001) and extensor (p=0.0103) groups. This strategy of decreased muscle force may be
explained in part by muscle weakness which frequently accompanies ACL injury, or by
apprehension, low confidence and fear of further injury.

Conclusions—This is the first study to estimate muscle forces in the ACL-deficient knee using
an EMG-driven approach. These results affirm the existence of neuromuscular asymmetries in the
individuals with ACL deficiency and characteristic knee instability.
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INTRODUCTION
Rupture of the anterior cruciate ligament (ACL) is a frequent, traumatic knee injury (27) that
often results in knee instability with daily activity. Most patients with ACL deficiency lack
dynamic knee stability (21) and experience episodes of instability with daily activities. After
injury, these patients adopt an asymmetrical gait pattern which includes less knee flexion
and a decreased internal knee extensor moment for the injured limb (22, 30, 31). The
decreased knee moment is an important gait asymmetry among patients with ACL
deficiency (18); however the muscular strategy driving it is unclear. Numerous studies
report the persistence of aberrant gait patterns following reconstructive surgery (5, 8, 13, 15,
17, 19); which casts importance on understanding their causative muscle actions. The key to
restoring normal movement lies with re-training and restoring strength in the muscles
affected by injury. A better understanding of the muscular strategy which these patients
adopt after injury may promote more successful rehabilitation programs to resolve their gait
asymmetries.

Several muscular strategies which could produce the decreased knee extensor moment have
been proposed. One such strategy is a “quadriceps avoidance” strategy (2). The quadriceps
muscles are responsible for generating the knee extensor moment early in stance, and an
isolated reduction in quadriceps force would produce a smaller knee extensor moment.
Alternatively, a “hamstring facilitation” strategy (1) may also accomplish the smaller peak
knee moment seen in ACL-deficient gait. The hamstrings oppose the knee extensors and an
isolated increase in hamstring muscle force would also produce a smaller knee extensor
moment.

The net joint moment has limited usefulness in determining which muscular stabilization
strategy patients with ACL-deficiency employ because muscle activity patterns are altered
after injury (1, 3, 22, 30). Muscle force contributions from the flexors and extensors cannot
be resolved using inverse dynamics, especially in cases where co-activation of opposing
muscles occurs. Muscle co-activation has been observed in ACL-deficient knees using
electromyography (EMG) (1, 3, 22, 30). While EMG is a useful measure of neural command
to muscle, it does not directly represent the timing and magnitude of muscle force. Muscle
force contributions from antagonistic groups cannot be evaluated with either the net joint
moment or from EMG alone.

Estimation of muscle forces in a population which exhibits neuromuscular compensation for
injury requires a computational model which takes into account individual muscle activation
patterns. Use of an EMG-driven musculoskeletal model (4) provides estimates of muscle
force from EMG. Subsequently, the net joint moment can be partitioned into flexor and
extensor components and the relative contributions to the net joint moment can be
examined. This modeling approach has been used to estimate muscle forces during dynamic
movements for healthy individuals (26, 38), patients with osteoarthritis (23) and individuals
who have sustained a stroke (32). Muscle forces have not been estimated in individuals with
ACL deficiency using this approach, and estimates of muscle forces will enhance our
understanding of the neuromuscular strategy adopted by individuals with ACL-deficiency
and characteristic knee instability.

The purpose of this study was to 1) to confirm that our group of acutely-injured patients
with ACL-deficiency exhibited decreased knee flexion and peak knee moments during gait
as has been previously described, and 2) to partition flexor and extensor muscle forces for
each limb in order to determine the cause of the asymmetrical knee moment. Noncopers
(those who lack dynamic knee stability (14)) were chosen because this group constitutes the
majority of individuals with ACL injury. We hypothesized that these patients would
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demonstrate less knee flexion and a decreased internal knee extensor moment for their
injured limb, as has been described in patients following ACL injury. We further
hypothesized that patients would demonstrate similar extensor force and increased flexor
force for their injured limbs (i.e. hamstrings facilitation strategy) to generate a decreased
internal knee extensor moment.

METHODS
Subjects

Thirty-one individuals (18 men and 13 women) with unilateral ACL-deficiency and who
were functionally classified noncopers (14) participated in this study (mean ± sd; age 29.0 ±
10.1 years, body mass 82.3 ± 15.7 kg, height 1.74 ± 0.10 m, time from injury 7.9 ± 7.4
weeks). The acute phase was operationally defined as the first 7 months following injury.
All had sustained complete, acute, unilateral ACL rupture (confirmed with MRI and through
clinical examination with KT 1000 arthrometer side-to-side difference more than 3 mm) and
were regular participants in jumping, cutting and pivoting activities (20) prior to injury.
Exclusion criteria were bilateral knee involvement, concomitant or symptomatic grade III
injury to other knee ligaments, repairable meniscus tear or full-thickness articular cartilage
defect greater than 1cm2. Knee range of motion, effusion, pain and obvious gait impairments
were treated and resolved prior to testing in accordance with the impairment treatment
protocol described by Hurd et al. (21). The screening exam described in detail by Fitzgerald
et al. (14) was used to classify patients for this study. The exam consisted of the following
tests (cutoff score for noncoper classification): Single limb timed hop test (<80% limb
symmetry index), global rating of knee function (<60%), the Knee Outcome Survey of
Activities of Daily Living Scale (<80%) and reported of the number of knee giving-way
episodes from the time of injury to the time of testing (>1). This work was approved by the
University of Delaware Human Subjects Review Board and all patients provided written
informed consent prior to testing.

Testing
Motion analysis was performed using an eight-camera video system (VICON, Oxford
Metrics Ltd., London, UK) with a sampling rate of 120 Hz and force platform (Bertec
Corporation, Worthington, OH) with a sampling rate of 1080 Hz. Retro-reflective markers
were applied to anatomical landmarks to capture segment alignment and identify joint
centers, with additional clusters fixed to rigid thermoplastic shells for tracking motion
during dynamic trials according to Figure 1. Several practice trials were used to determine
each patient’s self-selected walking speed, and only subsequent walking trials within ± 5%
of that speed were accepted. The mean walking speed was 1.53 m/s. Joint angles and
moments were calculated using Visual3D software (C-motion, Germantown, MD). For
analysis, knee joint angles and moments were time-normalized to 100 percent of stance
phase and moments were normalized to body mass × height.

EMG was recorded at 1080 Hz using an MA-300 EMG system (Motion Lab Systems, Baton
Rouge, LA) from 7 lower extremity muscles, bilaterally: vastus medialis and lateralis (VM
and VL), rectus femoris (RF), semimembranosus (SM), biceps femoris (BFL) and medial
and lateral gastrocnemius (MG and LG). Patients performed isolated maximum voluntary
isometric contractions and a unilateral squat trial to elicit maximal EMG. Gastrocnemius
was tested isometrically during standing with the patient’s hands gripped underneath the
countertop for self-resistance; quadriceps were tested with patient seated and knee secured
in 60° of flexion; hamstrings were tested with the patient lying prone with the knee secured
in 30° of flexion. EMG data were high-pass filtered (cutoff 30 Hz), rectified and low-pass
filtered (cutoff 6 Hz) to create a linear envelope. Linear envelopes for each muscle were
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normalized to the maximum EMG found during isometric, unilateral squat or walking trials.
Surface EMG was not available for all muscles in the musculoskeletal model (described in a
later section) and therefore, activity for semitendinosus (ST) and short head of biceps
femoris (BFS) were assumed to be equal to activity recorded from SM and BFL,
respectively; activity for vastus intermedius (VI) was assumed equal to the average of
activities recorded from VM and VL (26).

Estimation of Muscle Forces
Muscle forces were estimated using an EMG-driven musculoskeletal model, which has been
described in detail previously (4, 26) and will be summarized briefly here. The EMG-driven
model contained three components (anatomical model, activation dynamics model and
contraction dynamics model) and was calibrated on a subject-specific basis prior to the
prediction of muscle forces during walking trials.

The lower extremity anatomical model (SIMM 4.0.2, Musculographics, Inc. Chicago, IL
(7)) included 10 musculotendon actuators crossing the knee (VM, VL, VI, RF, SM, ST,
BFL, BFS, MG and LG). The anatomical model was scaled according to subject-specific
anatomical dimensions captured by the camera system during standing. Stance phase
kinematics were input to the scaled model in order to obtain subject-specific muscle-tendon
lengths, contraction velocities and muscle moment arms for each recorded walking trial.

The activation dynamics model included a recursive filter (34) in which muscle excitation
was estimated from the EMG linear envelope and up to 70 ms of electromechanical delay
was allowed. This recursive filter was characterized by 3 parameters which were determined
for each subject during model calibration: γ1, γ2, d (Table). Additionally, the non-linear
EMG-to-force relationships observed at low activation levels was modeled using a
piecewise logarithmic function (28), characterized by a single parameter (Alen) which was
also determined during calibration (Table).

The contraction dynamics model was represented by a modified Hill-type muscle model
which consisted of a muscle fiber in series with a tendon(39). The tendon was modeled
according to a non-linear function normalized to tendon slack length (ℓst) (39). The muscle
fiber consisted of a contractile element in parallel with elastic and damping elements which
characterized the passive force-length and the viscoelastic properties of muscle,
respectively. The force produced by the contractile element was governed by a generic
force-length curve which was normalized to maximal isometric muscle force, optimal fiber
length (ℓom) and maximum contraction velocity as described by Lloyd and Buchanan (26).

During model calibration, the muscle parameters that define the relationship of EMG to
muscle force were allowed to vary within physiological bounds for each subject. In addition
to 2 strength multipliers which were used to scale the maximum isometric force values for
each subject (Gf for knee flexors and Ge for knee extensors), there were 6 parameters per
muscle that uniquely characterized the EMG-to-force relationship. (Parameters are listed in
Table.) During model calibration, the governing assumption was that the net internal flexor/
extensor muscle moment should equal the net sagittal plane inverse dynamics joint moment
(i.e. that the knee capsule and ligaments do not contribute to the net sagittal plane inverse
dynamics moment). In accordance with this assumption, the muscle parameters were
iteratively adjusted so that the sagittal plane moments from forward and inverse methods
were in good agreement. Using a simulated annealing search strategy (16), an optimal
solution was obtained in which the squared difference between the two moment curves was
minimized. The degree of convergence was assessed by calculating the coefficient of
determination (R2) and the relative root mean squared error (RMSE) between the inverse
dynamics knee moment and the moment predicted by the calibrated EMG-driven model.
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Relative RMSE was computed by normalizing RMSE to the range of the inverse dynamics
moment curve.

After calibrating the model and defining a subject-specific EMG-to-force relationship using
one gait trial, muscle forces were predicted for three novel gait trials. For each novel trial,
muscle tendon lengths and moment arms (computed from the measured kinematics) and
recorded EMG were input to the calibrated model to compute muscle force.

Muscle forces were normalized to subject body weight (BW) and time-normalized to 100
percent of stance phase. Three trials per subject were averaged for each limb (in 10 limbs,
only 2 trials were averaged for analysis). Muscle forces were grouped as knee extensors
(EXT = RF+VL+VM+VI) or flexors (FLEX = SM, ST, BFS, BFL, MG, LG) or comparison
of force at the peak internal knee extensor moment.

Data Analysis
Paired t-tests were performed (PASSW 18.0, SPSS Inc., Chicago, IL) to compare the
following measures between limbs: peak knee flexion angle during the first half of stance,
measured peak knee extensor moment, EXT force at the point of peak knee extensor
moment and FLEX force at the point of peak knee extensor moment. Significance was set at
0.05.

RESULTS
The model was calibrated for each limb separately, resulting in a total of 62 model
calibrations. The average coefficient of determination (R2) between the inverse dynamics
knee moment and the moment from the calibrated EMG-driven model was 0.836. The mean
relative RMSE of the calibrated model moment curve from the inverse dynamics moment
curve was 9.9%. The convergence of the calibrated EMG-driven model knee moment to the
inverse dynamics moment validated our tuned model’s predictions of joint moments.

As expected, peak knee flexion angle during the first half of stance was significantly lower
(p=0.028) for the injured limb (mean ± SD = 21.0 ± 5.0 °) compared to the uninjured limb
(23.6 ± 7.4°) (Fig 2). Patients also displayed a significantly lower peak internal knee
extensor moment (p=0.0004) for the injured limb (0.328 ± 0.154 Nm/kg*m) compared to the
uninjured limb (0.459 ± 0.194 Nm/kg*m) (Fig 3).

EXT muscle force was significantly lower (p=0.0001) for the injured limb (1.33 ± 0.42 BW)
compared to the uninjured limb (1.87 ± 0.73 BW) at the point of peak knee moment (Fig 4).
The mean difference in EXT force between limbs was 0.53 BW less for the injured limb.

Likewise, FLEX muscle force was significantly lower (p=0.0103) for the injured limb (0.92
± 0.45 BW) compared to the uninjured limb (1.15 ± 0.35 BW) at the point of peak knee
moment (Fig 5). The mean difference in FLEX force between limbs was 0.23 BW less for
the injured limb.

DISCUSSION
Muscles are the effectors of gait adaptations in ACL-deficient individuals, and better
understanding of the muscular stabilization strategy adopted after injury will aid in
rehabilitation design for these patients. The aims of this study were to 1) confirm that our
patients exhibited the typical decreased knee flexion and peak knee moment for the injured
limb and 2) determine the muscular strategy causing the asymmetrical knee extensor
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moment using an EMG-driven modeling approach to estimate knee extensor and flexor
muscle forces.

Consistent with previous reports (18, 22, 30, 31), patients in the present study demonstrated
decreased peak knee flexion angles and internal extensor moments for their injured limbs
during walking. These gait mechanics are typical for patients who demonstrate characteristic
knee instability in their injured knee after ACL injury (noncopers (14)). The decreased knee
moment is an important gait adaptation (18) and is the biomechanical hallmark of the
noncoper (30).

Patients in this study accomplished the decreased peak knee moment for their injured limbs
with decreased muscle force from both EXT and FLEX groups, rather than either of the
expected strategies: isolated decrease in EXT force or isolated increase in FLEX force. The
size of the difference in EXT force between limbs was greater than the difference in FLEX
force at the point of comparison. This is not surprising because the force generated by the
knee extensors is near its peak in early stance, whereas peak knee flexor force is near its
minimum.

The strategy of decreased muscle force adopted by these patients may be explained, in part,
by muscle weakness which frequently accompanies ACL injury. In acutely injured patients,
quadriceps strength deficits for the injured limb range from 14-25%, when compared to the
uninjured limb (9, 10, 36, 37). Hamstring strength deficits have also been reported for the
injured limb, ranging from 14-19% (35, 36). Aberrant gait patterns are associated with
quadriceps strength deficits of as low as 20% for the injured limb in patients with ACL
deficiency (25), which demonstrates the potential for muscle weakness to impact the
biomechanics of low demand activities. Although only about 30% of maximal thigh muscle
strength is utilized during normal walking, strength deficits observed acutely after ACL
injury may contribute to their low muscle force utilization during gait.

The observed decrease in injured limb muscle forces may also be explained by patients’
apprehension after injury. Patients with characteristic knee instability are those whose
experience after injury is punctuated by low confidence in knee function and/or multiple
episodes of giving-way (14). Despite having resolved pain, range of motion and obvious gait
impairments, the patients in the present study may have been simply unwilling to place
normal demands on their injured limb. Accordingly, these patients may have selected a gait
strategy which ‘favors’ their injured limb, allowing less knee motion and requiring less
muscle force. While restoring muscle strength is an important prerequisite for symmetrical
movement (25) and is important for joint function in the long term (11), restoring confidence
in knee function may also be an important component of rehabilitation after ACL injury.
Fears associated with re-injury exist after reconstructive surgery (6, 24), and are coincident
with low function (6). Although there is no evidence which directly relates psychosocial
obstacles to altered movement patterns after injury, apprehension and lack of confidence
may be factors which distinctly impact movement strategies following ACL injury.

The decreased EXT and FLEX forces at the point of peak knee moment were somewhat
unexpected, given other studies which report that patients with ACL deficiency exhibit
elevated muscle co-contraction in an attempt to stiffen and stabilize their injured knee (1, 3,
22, 30). Caution must be exercised when comparing muscle force results from this study to
co-contraction findings previously reported for several reasons. Firstly, co-contraction
calculations utilize EMG, which is a measure of neural command to muscle. Muscle force is
the result of muscle contraction and is therefore not directly related to EMG. Secondly,
EMG is typically interpreted after being normalized to reference value obtained during a
volitional maximum test. As strength and activation deficits (esp. quadriceps) are common
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following ACL injury, one cannot assume that force production is equal between limbs
during maximum volitional isometric strength testing. Therefore, the normalization of EMG
to a maximal reference value does not accomplish normalization with respect to muscle
force.

The present study is unique in its incorporation of in vivo muscle activity data in the
estimation of muscle force. Predictions of muscle force for ACL-deficient gait are few.
Noyes and colleagues (29) predicted muscle forces for varus-aligned, ACL-deficient knees
during slow walking (1.1 m/s) and reported higher EXT and lower FLEX peak forces for the
injured limb than the present study. EMG was not used. Muscle forces were obtained by
reducing the number of muscles spanning each joint until the muscle force-joint moment
problem could be solved uniquely. Such an approach assumes the absence muscular co-
contraction, which is invalid for the case of ACL injury. The approach used here partitions
force among muscles using recorded EMG and is therefore uniquely suited to investigate
muscle forces following ACL injury.

Muscle forces have been estimated for gait in uninjured individuals using various modeling
methods (12). Force trajectories and peak values for muscles crossing the knee were
explicitly reported by Shelburne and colleagues during walking (33). Muscle forces were
similar shape but lower in magnitude compared to the uninjured limbs in this study. The
higher muscle forces for the uninjured limbs in this study were likely a result of the
approach used to partition forces among muscles. These were obtained using a cost function
during optimization which assumes that the goal adopted by the central nervous system
during walking is to minimize muscle stress, or energy expenditure. This assumption
inherently minimizes muscle co-contraction and consequently, higher muscle forces may be
expected when using an EMG-driven approach. Muscle forces in uninjured individuals
using an EMG-driven approach are similar in shape, timing and magnitude to the uninjured
limbs in this study. Winby et al. (38) reported forces of about 18 N/kg for the quadriceps and
about 10 N/kg for the hamstrings and gastrocnemeii at 25% of stance. Forces for the
uninjured limb for this study were 18.3 and 11.2 N/kg, respectively.

The lower muscle force for the injured limbs of these patients affirms the existence of
neuromuscular asymmetries following ACL injury. Considering that biomechanical mal-
adaptations can persist even after reconstruction, an important goal of rehabilitation is to
restore normal movement by re-training and strengthening the muscles affected by injury.
Noncopers may benefit from a rehabilitation program which is successful in restoring
muscle strength and confidence in the function of their injured limb. Future work should
determine whether neuromuscular asymmetries resolve with the resolution of strength
deficits and self-reported knee function.

One potential limitation of this study was the inclusion of only patients with acute ACL
injury who demonstrated characteristic knee instability (noncopers (14)). This functionally
unstable group represents the majority of all athletes with ACL-deficiency; however because
of this inclusion criterion, the results of this study cannot be generalized to all patients with
ACL-deficiency. Another potential limitation is the lack of an uninjured control group in
this study. However, comparison with muscle forces estimated for uninjured controls using
an EMG driven approach (38) are similar to the uninjured limbs in this study.

The resolution of pain, range of motion and obvious gait impairments prior to testing was an
important strength of this study. Patients participated in an impairment treatment program
until they met the following criteria per assessment by a physical therapist (21): minimal
knee effusion, no knee extension deficit, no pain in the injured limb with hopping and no
visually-identifiable gait impairments. The resolution of these impairments prior to testing
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ensured that they were not responsible for the gait adaptations captured in this study. Our
goal was to identify the neuromuscular adaptations to injury associated with ACL-deficiency
in our patients, rather than those associated with the acute effects of knee trauma.

An investigation of the clinically relevant factors which contribute to the gait and
neuromuscular asymmetries in these patients is warranted. It is likely (as stated by Lewek et
al. (25)) that quadriceps weakness contributes to but does not fully explain the gait and
neuromuscular adaptations in individuals with ACL injury. Future work should examine the
relationships between strength and self-reported fear/apprehension or lack of confidence and
the neuromuscular adaptations described here. Also, muscles function primarily as joint
accelerators and stabilizers and as such, they apply considerable loads to the articular
surfaces. The adaptation of muscle forces during walking may impact joint loads, thereby
playing a role in long-term joint health. Future work should also investigate knee loading
after ACL injury in order to determine the impact of their muscular strategy on articular
loads, and subsequently on long-term joint health.

ACL-deficient patients with characteristic knee instability employed a gait strategy which
requires less global muscle force from their injured limb. They exhibited neither a
‘quadriceps avoidance’ nor a ‘hamstrings facilitation’ muscular stabilization strategy.
Instead, they walked with decreased muscle force for both flexor and extensor muscle
groups in their injured limbs. The strategy of employing lower muscle force may be
explained in part by muscle weakness which frequently accompanies ACL injury, or by
apprehension, low confidence and fear of further injury. The present study is unique in its
incorporation of in vivo muscle activity data in the estimation of muscle force. These results
affirm the existence of neuromuscular asymmetries which drive aberrant movement patterns
after ACL injury.
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Figure 1.
Subject with anatomical and tracking markers applied to the lower extremity.
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Figure 2.
Knee flexion angle for each limb during stance. Arrow marks the occurrence of peak knee
flexion angle.
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Figure 3.
Knee extensor moments for each limb during stance (normalized to body mass × height;
whiskers are SD). Arrow marks the occurrence of peak knee moment.
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Figure 4.
Extensor muscle force for both limbs during stance (whiskers are standard deviations). EXT
group included VM, VL, VI and RF muscles. Arrow marks the occurrence of peak knee
moment.
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Figure 5.
Flexor muscle force for both limbs during stance (whiskers are standard deviations). The
FLEX group included ST, SM, BFL, BFS, MG and LG muscles. Arrow marks the
occurrence of peak knee moment.
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Table

Adjustable model parameters during calibration. Ge and Gf are global parameters, and the remaining
parameters are specified for each muscle.

Parameter Description Limits Used

ℓ o m optimal fiber length sarcomere length at which optimal actin-myosin
overlap is achieved ± 20% *

ℓ s t tendon slack length the length at which the viscoelastic tendon is
slack; below it the tendon carries no load ± 20% *

d electromechanical
delay

represents the time delay between EMG signal
and the start of the resulting force 0 - 70 ms

Alen
non-linear shape
factor

characterizes the potential for a non-linear EMG-
to-force relationship, particularly at low forces
(<30% MVC)

0.01 - 0.12

γ1, γ2
recursive filter
coefficients

characterizes the observation that EMG signal is
shorter in duration than resulting force

−0.9 < γ1,2< 0.9

Ge
extensor strength
coefficient

characterizes varying degrees of extensor strength
among individuals

50 - 250% *

Gf
flexor strength
coefficient

characterizes varying degrees of flexor strength
among individuals

*
indicate limits which vary by the given percentage from published (7) mean values.
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